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Abstract. The mechanisms allowing the rapid release of
stored water to streams are poorly understood. Here we use
a tile-drained field site to combine macroporous soils at the
hillslope scale with the advantage of at least partly controlled
lower boundary conditions. We performed a series of three ir-
rigation experiments combining hydrometric measurements
with stable isotope and bromide tracers to better understand
macropore–matrix interactions and stored water release pro-
cesses at the hillslope scale. Stable isotope concentrations
were monitored in the irrigation water, the tile-drain dis-
charge and the soil water before and after the experiment.
Bromide was measured every 5–15 min in the tile-drain hy-
drograph. Different initial conditions for each experiment
were used to examine how these influenced flow and trans-
port. Different amounts of irrigation water were necessary to
increase tile-drain discharge above the baseflow level. Hy-
drograph separation based on bromide data revealed that irri-
gation water contributions to peak tile-drain discharge were
on the order of 20 %. Oxygen-18 and deuterium data were
consistent with the bromide data and showed that pre-event
soil water contributed significantly to the tile-drain event
flow. However, the isotopic composition of soil water con-
verged towards the isotopic composition of irrigation water
through the course of the experiment. Mixing calculations re-
vealed that by the end of the irrigation experiments 20 % of
the soil water in the entire profile was irrigation water. The
isotopic data showed that the pre-event water in the tile drain
was mobilized in 20–40 cm soil depth where the macropore–
matrix interaction leads to an initiation of macropore flow
after a moisture threshold is exceeded.
1 Introduction
Macropore flow of old water has been observed for over
20 yr now (McDonnell, 1990) but there is still much ongo-
ing discussion regarding whether this rapid effusion of old,
pre-event water, is indeed preferential flow or pressure wave
displacement (Torres et al., 1998; Williams et al., 2002) or
some combination of both. These questions lie at the heart
of the double paradox, as outlined by Kirchner (2003) and
tested by Bishop et al. (2004), and quantification of flow
and transport processes that connect the plot, hillslope and
catchment scales. Studies generally have shown that prefer-
ential flow can have a strong influence on runoff processes
at the hillslope (Mosley, 1979; Tsukamoto and Ohta, 1988;
Smettem et al., 1991; Tsuboyama et al., 1994; Noguchi et al.,
1999; Uchida et al., 1999) and the catchment scale (Sidle et
al., 2000; Blo¨schl and Zehe, 2005; Zehe et al., 2007) with
important controls on contaminant transport (e.g. Sidle et al.,
1977; Flury et al., 1995; ˇSimu˚nek et al., 2003). Other studies
have shown that preferential flow itself can be a direct reflec-
tion of new water and dissolved substances that bypass the
soil matrix and move to depth within the soil profile (Jarvis,
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2007). The amount of preferential flow is often equated to
the amount of “new” water (Stone and Wilson, 2006). Be-
yond the issue of preferential flow versus pressure wave re-
lease and effusion of pre-event water is the dual question of
where and how mixing occurs on the event timescale: that
is, where and how the event water loses its “newness”. The
hillslope scale is a key, as this represents the scale at which
plot-scale processes (often very precisely defined in labora-
tory and column experiments) combine to yield a signature
that ultimately becomes streamflow. This is a difficult prob-
lem due to the blackbox nature of subsurface mixing and,
perhaps as importantly, the lack of any boundary control on
quantifying such processes.
Several studies have shown that flow and transport at
the hillslope scale are a combination of some matrix
flow/displacement processes mixed with preferential flow.
The ratios of matrix flow versus preferential flow vary
widely. For instance, Leaney et al. (1993) found that at the
plot scale, sampled subsurface stormflow consisted mainly
of storm rainfall (> 90 %) that was transported via macrop-
ores bypassing the soil matrix. Vogel et al. (2008) performed
a modeling study using a dual continuum approach combined
with sampled oxygen-18 (18O) concentrations, and found
that 24 % of the 1192 mm annual precipitation exited the hill-
slope model domain as subsurface stormflow via preferential
flow. Stumpp and Maloszweski (2010) used weekly 18O sam-
ples in a lysimeter study to model the fraction of preferential
flow in the lysimeter outflow for different cropping periods.
Using a lumped parameter approach and HYDRUS 1-D, they
found between 1.1 and 4.3 % preferential flow for the lumped
parameter approach and 1.1 and 20.5 % for the HYDRUS 1-
D approach, respectively. Kumar et al. (1997) found between
10 and 20 % preferential flow per year at a tile-drained field
site where the fractions were higher during intense precipita-
tion events. In a similar study, Stone and Wilson (2006) used
differences in surface water chloride concentrations and tile-
drain baseflow concentrations to separate tile-drain discharge
into a matrix and preferential flow component. Preferential
flow was in total 11 and 51 % for two events while it was 40
and 81 % during peak flow.
What is clear from all of this work is that role of preferen-
tial flow is more complex than simply the transport of event
water through soils or hillslope. The key question is how
preferential flow paths interact with their surroundings. This
has been well studied at the soil-profile scale (e.g. Noguchi
et al., 1999). Germann and Niggli (1998) showed in macrop-
orous soils that the momentum of flow increased with depth,
so that preferential flow can continue for a long time and
over a long distance, once initiated. Nimmo (2012) summa-
rized examples where preferential flow occurred with unsat-
urated soil matrix. Weiler and Naef (2003) studied the role of
preferential flow during the infiltration process and the inter-
action between those preferential-flow paths and the soil ma-
trix. By using a dye tracer and soil profiles they found that
preferential flow was initiated at the soil surface or at par-
tially saturated soil layers. Weiler and Flu¨hler (2004) classi-
fied water flow through soils based on dye pattern, and could
distinguish between different levels of macropore–matrix in-
teraction. Ko¨niger et al. (2010) used deutereated water to
investigate flow processes in the unsaturated zone during a
sprinkling experiment. They collected soil samples 12 and
35 days after irrigation and found a distinct change of deu-
terium (2H) background towards the concentration of applied
water within one meter depth. This interaction plays a crucial
role in the water transported via macropores, as macropore
flow depends on soil matrix infiltration capacity, soil mois-
ture, interaction between macropores and matrix, and con-
nectivity of macropores (Tsuboyama et al., 1994; Sidle et al.,
2000, 2001).
Here we build upon recent work to examine hillslope-
scale macropore–matrix interactions. In particular, we build
upon recent detailed hillslope investigations by Kienzler and
Naef (2008), who used 222Rn to distinguish between sub-
surface flow supplied directly from precipitation and water
displaced from saturated parts of the soil profile. We use a
controlled experiment at a tile-drained agricultural field site.
We employ multiple tracers within a series of field-scale ir-
rigation experiments to investigate flow processes through
macropores, the interaction between macropores and the soil
matrix, and the source of the discharging water at a tile-
drained field site. Our tile-drained field site is effectively
a hillslope-scale lysimeter (Richard and Steenhuis, 1988)
that allows us to address the following questions regarding
macropore flow of old water:
1. What are the dominant flow pathways through the soil?
2. What are the interactions between macropores and the
soil matrix and their influence on the system response?
3. What is the source of the tile-drain water?
4. Where in the soil profile does the pre-event water
originate?
2 Study site and methods
The Weiherbach Valley is a nested rural catchment of 3.6 km2
(upper catchment) and 6.3 km2 (total) size located in a loess
area in southwestern Germany. The geology is dominated
by Keuper sandstone, marl and mudstone (lower and mid-
dle Triassic) and a loess layer of up to 15 m thickness. The
climate is semi-humid with an average annual precipitation
of 750–800 mm, average annual runoff of 150 mm and an-
nual potential evaporation of 775 mm. The average annual
air temperature is 8.5 ◦C. About 95 % of the catchment area
is used for agricultural purposes, 4 % is forested and 1 %
is paved. Ploughing is usually to a depth of 25 cm in early
spring or early autumn, but has been mainly replaced in re-
cent years by minimum till practice (5–10 cm depth). Most
of the Weiherbach hillslopes exhibit a typical loess catena
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with moist but drained Colluvisols located at the hill foot
and drier Calcaric Regosols or Luvisols located at the top
and mid-slopes, inducing a typical distribution of preferential
flow paths (Zehe and Flu¨hler, 2001b). Earthworms such as
Lumbricus terrestris L. play an important role in developing
these vertical preferential flow paths, which play a dominant
role in the Weiherbach catchment in water and solute trans-
port as they may reach more than one meter depth (Zehe and
Flu¨hler, 2001a, b; Klaus and Zehe 2010, 2011). In addition
epigeic earthworms populate the upper 30 cm of the soil.
2.1 Experimental site and determination of soil
characteristics
The irrigation experiments were performed at a field
site (20× 20 m2) with 10 m distance to the Weiherbach
brook (49◦08′08′′ N, 8◦44′42′′ E), and with a gradient of
0.03 m1 m−1. After being fallow land the site was reacti-
vated for agricultural purposes 8 yr before the experiments.
A single tile-drain tube is located about 1–1.2 m below the
surface, embedded in a gravel layer, and entering the Wei-
herbach brook about 0.3 m above the baseflow water level.
The soil is a Colluvisol with a strong gleyic horizon starting
at a depth between 0.4 and 0.7 m below the surface.
Soil cores (100 cm2) were extracted from three differ-
ent locations at five depths (between 0.075 m and 0.60 m,
non-uniformly between the different locations) to mea-
sure soil hydraulic conductivity (constant and falling head
method) and porosity. The soil hydraulic conductivity
showed stratification with decreasing hydraulic conductiv-
ity, decreasing porosity, and increasing bulk density with
depth. The hydraulic conductivities were 5.3× 10−8 m s−1,
1.8× 10−8 m s−1, and 1× 10−9 m s−1 at 0.5–0.6 m depth,
and between 1× 10−4 m s−1 and 1× 10−6 m s−1 in the up-
per 0.1 m. The soil porosity decreased from approximately
0.5 to 0.4, and the bulk density increased from 1.3 kg m−3
to 1.7 kg m−3. The measured values are consistent with pub-
lished soil data of Delbru¨ck (1997) and Scha¨fer (1999). Soil
tillage of the experimental field has been annual conventional
ploughing to a depth of about 0.25–0.30 m. The experiments
were performed before the annual soil tillage took place.
2.2 Experimental design of the study
Most experimental studies that perform irrigation experi-
ments are singular events. The idea of this study was to per-
form a series of repeated irrigation experiments (three in to-
tal), together with an approach that combines hydrometric
measurements with tracer observations. The series was per-
formed with slightly different initial conditions between the
experiments.
2.2.1 Experimental setup
The first experiment was performed on 16 September 2008,
the second on the 15 September 2009, and the third three
weeks later on the 5 October 2009. Meteorological condi-
tions for the weeks before the experiments were logged at a
nearby meteorological station. The irrigation was performed
with a system of eight garden sprinklers (e.g. Wienho¨fer et
al., 2009). The irrigation amount was observed, and the du-
ration and amount of the irrigation is summarized in Table 1.
Soil moisture was observed during all experiments. The tile
drain was sealed by a plastic board with a triangular notch
(opening angle was 25◦) and the water level was measured
during the experiment by means of a pressure probe (PD-
2, Sommer, Koblach, Austria) with a temporal resolution of
1 min and then a 10 min resolution after the experiments.
Water levels were transformed into discharge using a rating
curve that was determined by frequent discharge measure-
ments with a bucket during the experiments. We estimate the
accuracy at 0.02 L s−1, which is determined by the accuracy
of the pressure probe and the rating curve.
Bromide was applied as a tracer during the irrigation in the
first two experiments. The isotopic signature (δ2H and δ18O)
of the irrigation water was sampled for all experiments. The
background was sampled in the tile drain and the irrigation
water. The tile-drain flow was sampled at variable intervals.
We observed the isotopic signature of the soil water in the
second experiment to determine the extent of the macropore–
matrix interaction and the source of the tile-drain outflow.
The isotopic composition of soil water was measured at three
locations along a transect, from the near stream boundary of
the field plot to the upper boundary. Sampling was performed
with a hand auger to a depth of 0.6 m; the sampling holes
were closed afterwards. Samples collected after the exper-
iment were taken approximately 0.5 m away from the pre-
experiment samples.
2.2.2 Pre-experiment condition
No continuous on-site measurement of soil moisture exists,
thus we report the precipitation and potential evaporation (af-
ter Haude, 1955) for 45 days and 10 days before the exper-
iment (Table 2). The 45 day period for the third experiment
is given without the irrigation sum of the second experiment.
The first experiment took place after a summer with more
than three times the precipitation of the second experiment.
The potential evaporation, on a 45 day basis, was lower for
the first experiment.
Macropores generated by earthworms are the main factor
of vertical preferential pathways in the Weiherbach catch-
ment (Zehe and Flu¨hler, 2001a, b) and were counted directly
outside the boundary of the irrigation plot on two horizontal
soil profiles at a depth of 0.10 m after the first two experi-
ments (Table 3). This was done by excavating and cleaning
the soil profiles. The pores were counted and their diameter
measured; burrows or channels with a diameter below 2 mm
were not included.
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Table 1. Summary of irrigation for each experiment, duration (D), amount (A), and intensity (Int) for every irrigation block. Also the return
period (based on 24 h) based on the empirical and a fitted cumulative distribution function. Standard deviation is given for the precipitation
sums in brackets.
Block 1 Block 2 Block 3 Total Return Period
D A Int D A Int D A Int Sum
(min) (mm) (mm h−1) (min) (mm) (mm h−1) (min) (mm) (mm h−1) (mm) Days
Experiment 1 80 12.3 (8.7) 9.3 60 11.9 (9.7) 11.9 80 9.7 (5.4) 7.28 33.9 (22.2) 353–445
Experiment 2 35 5.3 (2.3) 9.1 90 17.6 (8.9) 11.7 90 18.2 (8.9) 12.1 41.1 (18.6) 667–850
Experiment 3 90 18.1 (9.9) 12.1 90 21.8 (11.6) 14.5 – – – 39.9 (18.9) 667–750
Table 2. Pre-experimental conditions.
45 day 10 day 45 day 10 day
precipitation precipitation potential potential
Date mm mm evaporation mm evaporation mm
Experiment 1 16 September 2008 137 10.9 102.8 15.3
Experiment 2 15 September 2009 43.3 9.2 146.2 24.1
Experiment 3 05 October 2009 30.1 0 109.2 19.5
2.2.3 Experiment details
First experiment
The irrigation rate was measured with 10 precipitation sam-
plers, each with a support of 200 cm2 and an opening lo-
cated 0.30 m above ground. Irrigation occurred in three
blocks: 60 min, 80 min, and 60 min. There were 30 min
breaks between each block. A tracer solution (1500 L) con-
taining 1600 g bromide was applied during the first irriga-
tion block from 15 min to 35 min elapsed time. The irriga-
tion water had a constant isotopic signature (δ18O=−8.1 ‰,
δ2H=−56.1 ‰).
The day before the experiment, six plastic access tubes,
with a diameter of 27 mm, were installed vertically into the
soil via drilled access holes. The access tubes were installed
without disturbing the surrounding soil matrix. These access
tubes were used to measure soil moisture with a “Profile
Probe – PR2” (Delta-T Devices, Burwell, UK) at six different
depths (0.10, 0.20, 0.30, 0.40, 0.60, and 1 m) and at six loca-
tions (5, 10, and 15 m from the front end; 5 and 15 m from
the left side). These measurements were performed before
and after the irrigation, and in-between the irrigation blocks.
Background concentrations of bromide, 18O, and 2H were
measured in both the tile drain and the irrigation water. In the
beginning, the tile drain was sampled manually with a tem-
poral resolution of five minutes, as Zehe and Flu¨hler (2001a)
reported a very fast first tracer breakthrough at a nearby field
site. The sampling frequency was later reduced. In total, 51
water samples were collected during the experiment and the
two hours following irrigation. The falling limb of the hy-
drograph was sampled every eight hours for five days by an
automatic sampler (Teledyne Isco, Nebraska, USA). Six and
seven days after the irrigation two additional samples were
taken by hand.
Second experiment
Based on the results of the first experiment, measurements of
the irrigation rate and soil moisture were improved. The irri-
gation rate was measured with 20 evenly distributed precipi-
tation samplers, each with a support of 37.4 cm2 and located
approximately 0.05 m above ground. Irrigation occurred in
three blocks (35 min, 90 min, and 90 min) with breaks of
22 min and 30 min in-between blocks. We applied 2400 g of
bromide dissolved in 1500 L water with the first irrigation
block (13 to 35 min). The irrigation water had a constant
isotopic signature during the experiment (δ18O=−8.35 ‰,
δ2H=−56.0 ‰).
To measure soil moisture continuously, six Theta Probes
(Delta-T Devices, Burwell, UK) were installed in a vertical
soil profile at the streamside boundary of the experimental
plot at depths of 0.10 m, 0.30 m, and 0.50 m, with two at each
depth. The moisture content was logged every five minutes
with the DL6 (Delta-T Devices, Burwell, UK). Soil mois-
ture was measured at 20 evenly distributed locations at the
field site before and after the experiment, and in-between the
irrigation blocks with a Theta Probe.
A total of 25 water samples were collected during the ex-
periment at intervals of 15 min. The last two samples were
collected at intervals of 30 min, and three additional samples
were collected the day after the experiment.
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Table 3. Number of worm burrows with specific diameters (d) per
square meter, measured at two plots for the first two experiments in
a depth of 10–15 cm.
Diameter 2–3 mm 3–5 mm > 5 mm Total
Plot 1, Experiment 1 68 20 0 88
Plot 2, Experiment 1 40 8 1 49
Plot 1, Experiment 2 65 21 2 88
Plot 2, Experiment 2 90 19 1 110
Third experiment
The irrigation rate was measured with the same method as
the second experiment. Irrigation was performed in two 90-
min blocks with a 30 min break in-between. No bromide was
applied and the irrigation water had a constant isotopic com-
position (δ18O=−8.31 ‰, δ2H=−56.1 ‰). Unfortunately,
wild boars destroyed the soil moisture equipment before this
experiment, so only surface moisture was measured. Mea-
surements were taken before and after the experiment, and
in-between the irrigation blocks. A total of 21 samples were
collected during the experiment at an interval of 15 min.
2.2.4 Determination of irrigation rate
Based on the 10 (1st experiment) and 20 (2nd and 3rd ex-
periment) irrigation samplers, we evaluated the spatial cor-
relation structure of the irrigation rates by calculating exper-
imental variograms (Kitanidis, 1997) and fitting theoretical
variogram functions. No correlation structure was revealed
by this geostatistical analysis; therefore an average irrigation
rate was determined using the mean value of all samplers
(Table 1).
2.3 Chemical and isotope analytics
2.3.1 Water samples
Bromide and isotopes were measured directly in filtered
(450 nm) water samples. Bromide concentrations were de-
termined by anion chromatography (ICS-1000 Dionex). The
detection limit is 0.1 mg L−1.
For hydrogen isotope analysis (2H/1H), water samples
were reduced to molecular hydrogen in a uranium reactor,
and the gas was subsequently introduced into the inlet of
an isotope ratio mass spectrometer (Delta-S, Finnigan MAT,
Germany) where it was measured against a hydrogen moni-
toring gas. For oxygen isotope analysis (18O/16O) water sam-
ples were degassed and equilibrated with CO2 of known iso-
topic composition. The CO2 was subsequently introduced
into the dual inlet of an isotope ratio mass spectrometer
(Delta-S, Finnigan MAT, Germany) and measured again rel-
ative to a CO2 monitoring gas. In both cases, calibration
was accomplished with three in-house standards that were
calibrated against the international reference materials VS-
MOW (Vienna Standard Mean Ocean Water), SLAP (Stan-
dard Light Antarctic Precipitation) and GISP (Greenland Ice
Sheet Precipitation)(International Atomic Energy Agency,
IAEA, Vienna). Isotope values δ2H and δ18O were expressed
in parts per thousand (‰) as
δ18O or δ2H=
(
RSample
RSt
− 1
)
× 1000,
where RSample is the respective 2H/1H, or 18O/16O ratio,
and RSt the Vienna-Standard Mean Ocean Water (abso-
lute VSMOW ratio is 2H/1H= 155.76± 0.05× 10−6 and
18O/16O= 2005.2± 0.45× 10−6). The δ2H measurements
of water samples have a precision of ±1 ‰, those of δ18O
have a precision of ±0.1 ‰.
2.3.2 Analysis of soil water isotopic composition
The isotopic composition of soil water was determined using
cavity ring-down laser spectrometry of water vapor equili-
brated with the liquid soil-water phase. Soil samples were
sealed in two nested gas-tight bags and equilibrated in a
dry nitrogen atmosphere for 24 h under controlled temper-
ature (±0.1 ◦C) conditions until water-vapor phase equilib-
rium had been established. Based on Majoube (1971) the
isotopic composition of soil water was derived from the iso-
topic composition of water vapor based on temperature de-
pendent thermodynamic equilibrium fractionation. Allison et
al. (1987) demonstrated that water-vapor saturation and iso-
tope equilibrium in the unsaturated zone prevail even in dry
desert soil. Hendry et al. (2008) used the same equilibration
principle for wet clay soil, establishing water isotope profiles
in deep clay. Based on parallel equilibration experiments of
soil samples wetted with known liquid water isotope stan-
dards, the rapid establishment of water-vapor equilibration
and of the isotope equilibration within 24 h could be con-
firmed. A mass balance of soil water compared to the to-
tal amount of vapor at saturation indicates that Rayleigh ef-
fects are far below the analytical precision of 0.15–0.25 ‰
for δ18O and of 1.0–1.5 ‰ for δ2H VSMOW, and do not
affect the results significantly. Analysis was completed us-
ing Picarro cavity ring-down laser spectrometry (Picarro Inc.,
Santa Clara, California) (Iannone et al., 2010) for water iso-
topes based on principles of tunable diode laser spectrometry
(Gianfrani et al., 2003; Kerstel and Gianfrani, 2008; Gupta et
al., 2009).
2.4 Determination of event water proportion in tile
drain hydrograph
We used the bromide tracer to determine the fraction of event
(irrigation) water in tile-drain discharge. The use of stable
isotopes is not feasible for hydrograph separation because
the isotopic composition of the soil water is not uniform (see
Sect. 3.1.2). The pre-event water component is the sum of
activated soil water and baseflow (a spring connected to the
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drain and shallow groundwater). The baseflow remains con-
stant, thus all additional water is irrigation water and soil wa-
ter. We determined the bromide concentration in the event
water using a weighting procedure that accounted for the
pulse application of bromide (e.g. Weiler et al., 1999). We
calculated the event water concentrations for the hydrograph
separations as a time variant value Ce(t) as follows:
Ce (t)= Min(t)−Mout(t)
P (t)
, (1)
where t is the experimental time in minutes, Min(t) is the
bromide mass (g) that was applied on the field plot until time
t , Mout(t) is the bromide mass (g) that has left the system
via the tile drain until time t , and P(t) is the total irrigation
amount applied on the plot until time t (liters). The hydro-
graph separation was then performed following a mass bal-
ance approach (e.g. Sklash and Farvolden, 1979):
Q(t)=Qe(t)+Qp(t), (2)
where Q(t) is the tile-drain discharge at time t , Qe(t) is the
amount of event water in the discharge at time t , and Qp(t)
is the amount of pre-event water in the tile-drain discharge at
time t .
C(t)Q(t)= Ce(t)Qe(t)+CpQp(t), (3)
where C(t) is the total bromide concentration (g L−1) in the
tile drain at time t , and Cp is the bromide concentration of
the pre-event water, in this case a zero concentration.
In addition to instantaneous separation at the time of sam-
pling, we calculated the total amount of event water for the
first 500 min of each experiment. We did not apply bro-
mide in the third experiment, so no hydrograph separation
was performed.
2.5 Determination of macropore-matrix interaction
with isotopic data
The measured isotopic composition of soil water from the
second experiment was used with a compartmental mixing-
cell model (Woolhiser et al., 1982; Campana and Simpson,
1984; Adar et al., 1988; Klaus et al., 2008) to evaluate mix-
ing in the soil profile. We tested two conceptual interaction
models (Fig. 1) and calculated the macropore–matrix inter-
action by mixing of event and pre-event water within soil
compartments for the three sampled locations. The compart-
ments were determined by the sampling depth of the soil
water isotopes and represent a soil layer of undefined thick-
ness at the sampling depths. The analysis is based on the
following assumptions:
1. The measured pre-experiment soil water isotopic com-
position represents the average composition of the sam-
pled soil matrix compartment.
Fig. 1. Perceptual flow models for interaction of macropores and
soil matrix compartments. Red arrows denote for the irrigation wa-
ter, blue arrows denote for soil water. The boxes represent soil lay-
ers, while the continuous box represents a preferential flow path.
2. The measured post-experiment soil water isotopic com-
position represents the soil matrix isotopic composition.
As the macropores started to empty after the irrigation
stopped, at the time of sampling (90–120 min after the
experiment), the macropores were empty.
The first model describes simple mixing of the pre-event ma-
trix water with the irrigation water during the experiment,
and the second model includes additional inflow from the soil
compartment above. Calculations of the proportion between
event and pre-event water were performed with 18O and 2H
together. Here, the final water composition F is composed of
event water E, pre-event water P , and water entering from
the upstream cell U . Based on the following three equations:
x1 + x2 + x3 = 1, (4)
x1CDE + x2CDU + x3CDP = CDF, (5)
x1COE + x2COU + x3COP = COF, (6)
that denote for the water mass balance (Eq. 4) (and where
x1 is the fraction of irrigation water, x2 the fraction of wa-
ter from the above soil compartment, and x3 the fraction of
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water that was stored within a soil compartment before the
experiment), the mass balance of 2H (Eq. 5), and the mass
balance of 18O (Eq. 6), where C denotes the known isotopic
composition while the subscripts “D” and “O” denote 2H and
18O, respectively, the following linear equation system can
be derived: 1 1 1CDE/CDF CDU/CDF CDP/CDF
COE
/
COF COU
/
COF COP
/
COF
x1x2
x3
=
11
1
 . (7)
Since x1, x2, and x3 are constrained between 0 and 1
in Eq. (7), we applied linear programming to solve the
mixing problem. The error was minimized by a least
squares procedure.
3 Results
3.1 Hydrographs, tracer breakthrough curves and soil
moisture
3.1.1 Experiment 1
Hydrograph behavior
Figure 2 (left column) presents the hydrograph and tracer
data of the first experiment, while Table 1 summarizes the
irrigation characteristics. Flow in the tile drain averaged
0.11 L s−1 for the 30 min period before the experiment. The
first irrigation block caused no measurable increase in dis-
charge. During the second irrigation block discharge in-
creased abruptly. The hydrograph followed a double peak.
The hydrograph peaked 8 min after the end of irrigation at
0.37 L s−1. The total irrigation amount was 33.9 mm.
Tracer breakthrough curves
Isotopic background concentrations in the tile drain were
−8.1 ‰ for δ18O and −56.4 ‰ for δ2H. The field site was
irrigated with water of only slightly different isotopic compo-
sition (δ18O=−8.35 ‰ and δ2H=−58.5‰). Figure 2, left
column, center row, presents the temporal variation of 18O
and 2H in experiment 1. During the experiment both isotopes
followed the shape of the hydrograph. The isotopic signa-
ture in the tile-drain water did not change in the direction
of the irrigation water but instead became heavier than the
background. The day after irrigation, δ18O-values were back
at the background level, while the δ2H was slightly greater
than the background.
Bromide exceeded the background concentration within
65 min after irrigation began (50 min after tracer applica-
tion). Bromide concentrations are strongly correlated with
the discharge, showing the same double peak. The coef-
ficient of determination is R2 = 0.87 on the rising limb
of the hydrograph.
Soil moisture observations
Before the experiment, soil moisture showed drier conditions
in the upper 0.30 m and higher moisture at 0.60 m and 1 m
depths. Soil moisture at 0.10 m depth reached its maximum at
four of six measuring locations after the first irrigation block,
and remained constant throughout the day. At the two other
soil moisture stations, maximum was reached after the sec-
ond and third block, respectively. The soil moisture at 0.20 m
depth at all locations increased slightly until 200 minutes
elapsed and then stayed constant or decreased. The instal-
lation of the access tube, just the day before the experiment,
limits the quality of the soil moisture data since the contact
between the plastic tube and the soil was limited. The abso-
lute measured moisture values are too high, considering that
maximum measured porosity was at 54 %.
Main findings in the first experiment
An increase in tile-drain discharge did not begin directly af-
ter the start of the irrigation, however during the second ir-
rigation block discharge was then strongly linked to the irri-
gation pattern. Some bromide was detected in the tile drain
before the increase in discharge. At the moment when dis-
charge clearly increased, bromide, 18O, and 2H concentra-
tions increased. The change in isotopic composition indicates
the contribution of soil water.
3.1.2 Experiment 2
Hydrograph behavior
The tile drain showed an average discharge of 0.10 L s−1 for
the 30 min before the experiment (Fig. 2, center column). A
significant increase in discharge began 105 min after onset
of the experiment, leading to a double peak hydrograph. The
main peak (0.31 L s−1) occurred eight minutes after the end
of irrigation. The total irrigation sum was 41.1 mm (Table 1).
Tracer breakthrough curves and soil water isotopes
Background δ18O and δ2H values in the tile drain were
−8.0 ‰ and −57.5 ‰, respectively. The irrigation wa-
ter had an isotopic composition of δ18O=−8.3 ‰ and
δ2H=−56 ‰ . Again δ18O and δ2H followed the discharge
dynamic (Fig. 2, center column, center plot), showing more
enriched signatures with increasing discharge, peaking at
−7.3 ‰ (18O) and −50.4 ‰ (2H). The fluctuations in 18O
were more erratic during the second experiment than during
the first experiment and in general were more erratic than
those of 2H. The δ18O values the day after the experiment
were at background levels, as were those of deuterium.
The isotopic signature of the tile-drain discharge during ir-
rigation showed heavier isotopic signatures than background
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Fig. 2. Summary of the experiments, left column is experiment 1 (highest pre-experiment precipitation), center column experiment 2 (moder-
ate pre-experiment precipitation), right column experiment 3 (lowest pre-experiment precipitation). Hydrographs, irrigation intensity, isotopic
composition of tile-drain water, bromide and brilliant blue concentrations are plotted.
and irrigation signatures. The change observed in this exper-
iment can clearly be associated with the observed isotopic
signature of the soil water. The isotopic composition of soil
water was measured before and after the experiment, this
data is presented in Fig. 3 (the left column presents the 18O
values and the right column the deuterium values). The pre-
experiment isotopic composition of soil water showed a de-
crease in the δ-values for both isotopes with increasing depth.
This stratification is frequently observed in soil water stud-
ies (e.g. Barnes and Walker, 1989; Ko¨niger et al., 2010) and
results from evaporation. After the irrigation experiment, the
isotopic composition of soil water moved towards the com-
position of the irrigation water. The stratification with depth
was conserved and no downward propagation of the isotope
signal was observed.
The bromide concentrations exceeded the background
value after 100 min, which occurred shortly before the in-
crease in discharge. Bromide concentrations are strongly cor-
related with the hydrograph with a coefficient of determina-
tion of 0.9 at the rising limb. Bromide concentration peaked
with 16.8 mg L−1, and decreased after the end of the irriga-
tion. The day after the experiment (not shown in Fig. 2), con-
centrations were still above background.
Soil moisture observation
Figure 4 summarizes the moisture dynamics during the ex-
periment. The most rapid and strongest changes in soil mois-
ture were measured at 0.10 m depth. Soil moisture at greater
depths showed only small changes, remaining unsaturated
throughout the experiment. The location of continuous soil-
moisture observations were at the boundary of the irriga-
tion area, where only minor ponding occurred. Surface soil
moisture showed a uniform behavior. At the beginning of
the experiment, surface soil moisture was measured between
18.5 % and 35 %, with an average of 28 % and a standard de-
viation of 4 %. Soil moisture increased, reaching average val-
ues of 36.7 % (standard deviation(SD) 4.5 %), 39.7 % (4 %)
and 43.5 % (5.1 %) after the end of each irrigation block. Sur-
face water ponding occurred in depressions at the end of the
first irrigation block, and became widespread during the sec-
ond irrigation block.
Main findings in the second experiment
The results of the first experiment were reproducible with
the second. Tile-drain discharge started to increase during
the second irrigation block. It seems that a certain amount of
cumulated irrigation is needed to activate subsurface water
flows. After activation, the irrigation pattern and the hydro-
graph are tightly linked. Isotope values increased until peak
discharge was reached, becoming more distinct compared to
tile-drain background and irrigation water. The data from the
soil water isotopic composition showed the mobilization of
soil water. Bromide concentrations slightly exceeded back-
ground values before discharge increased.
3.1.3 Experiment 3
Hydrograph behavior
Pre-experiment water level and discharge were lower than
in the previous experiments (0.09 L s−1). Approximately
180 min after the start of the irrigation, discharge increased
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Fig. 3. Measured isotopic composition of soil water, before and after the second experiment at three sampling locations. Left column
summarizes oxygen-18 (VSMOW in ‰) and the right column summarizes deuterium (VSMOW in ‰).
Fig. 4. Discharge and soil moisture dynamic during the second ex-
periment, two theta probes for soil depths of 10 cm, 30 cm, and
50 cm, with a lateral distance of approximately 25 cm.
clearly and peaked with 0.19 L s−1 230 min after the start
of the experiment (Fig. 2, right column). After the peak,
discharge decreased and reached the pre-event level about
300 min later. The total irrigation amount (Table 1) was
39.9 mm.
Tracer breakthrough curve
During the first 180 min of the experiment, the measured 18O
was not significantly different than the background value of
−8 ‰. The 18O value in irrigation water (−8.3 ‰) was more
negative than the background value. With the increase in tile-
drain discharge, δ18O values increased markedly. The peak
concentration of δ18O = −7.6 ‰ was reached 255 min after
the irrigation started. There was no clear pattern in the δ2H
values. The samples varied around a value of −55.0 ‰, with
a maximum of−51.9 ‰ and a minimum of−57.8 ‰, and no
clear temporal pattern.
Bromide was first detected (0.57 mg L−1) 105 min after
the irrigation began. Coincident with the increase of δ18O
values, bromide concentrations also clearly increased and
peaked 225 min after the start of the experiment at a value
of 7.48 mg L−1. The contribution of bromide further proves
a contribution from soil water.
Soil moisture observation
Surface soil moisture increased throughout the irrigation
site. Ten out of 20 locations reached a maximum plateau
value after the first irrigation block, indicating that satura-
tion was reached. Average surface soil moisture was 26.8 %
before the experiment with a standard deviation of 5.3 %,
reached 42.8 % after the first irrigation block (SD= 2.7 %)
and 44.9 % after the second block (SD= 3.3 %).
Main findings of the third experiment
Bromide was remobilized from the soil matrix during the ex-
periment. This agrees with the observation of soil water ac-
tivation from the water isotope data. However, the time of
soil water activation is more clear for bromide than for the
isotopes. Nevertheless, the soils within the system showed
no contribution to tile-drain discharge at the beginning of the
experiment.
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Fig. 5. Bromide based hydrograph separation of the first (left) and
second (right) experiment. Shown is the proportion of irrigation wa-
ter at the tile- drain discharge in the total measured discharge, and
with baseflow subtracted.
3.2 Hydrograph separation to distinguish between
event and pre-event water
Results of the hydrograph showed that the system is domi-
nated by pre-event water (Fig. 5). Most of the mobilized wa-
ter derived from the soil matrix. During the first experiment,
the maximum proportion of event water was 13.2 % (19.5 %,
when we only consider the activated water), corresponding
to the highest bromide concentrations. The fraction of event
water follows the double peak shape of discharge and bro-
mide. In total, 5 % of the tile-drain discharge during the first
500 min of the experiment was event water and 12 % when
we only considered the activated water.
Despite differences in the amounts of irrigation water and
initial conditions, the event water fraction revealed the same
pattern in the second experiment. The maximum proportions
were slightly smaller, with 11.6 % (with baseflow) and 18 %
(without baseflow). While the total proportion of event water
was slightly higher at 6.2 % (13 % without baseflow). This
latter observation resulted from the different shape of the de-
clining hydrograph.
3.3 Compartmental modeling
Mixing between event and pre-event water was evaluated for
every sampling location to account for the spatial variability
derived from a variable preferential flow system within the
experimental plot. Table 4 summarizes the results of the com-
partmental modeling. The results based on two end members
(pre-event soil matrix water and irrigation water) indicate a
clear interaction between soil matrix and the irrigation wa-
ter throughout the depth of the profile. For example, at sam-
pling location 1, the matrix water after the experiment con-
sisted of 10.0 % to 34.1 % irrigation water, depending on the
depth. The results for locations 2 and 3 are similar (Table 4).
Using water from the overlying soil compartment as an ad-
ditional end member led to somewhat different results. Lo-
cation 3 showed contributions of water from overlying soil
layers while this is not pronounced for locations 1 and 2.
Fig. 6. The isotope values denote the calculated isotopic composi-
tion of the soil water contributing to the tile-drain discharge during
the hydrograph of the second experiment.
With the applied linear programming, the sum of the indi-
vidual errors of each mass balance equation (Eq. 7) is mini-
mized. The mass balance error for each individual mass bal-
ance (water, 18O and 2H) showed a maximum deviation of
−6.2 %. In total 71.6 % of the individual mass balance errors
are below ±2 %.
3.4 Determination of isotopic composition of soil water
contributing to the hydrograph
The fractions of event water, soil water, and baseflow (as-
sumed to be constant) are known, based on the hydrograph
separation. The isotopic composition of the irrigation water
and of baseflow is also known. The isotopic signature of the
soil water contributing to the hydrograph may then be cal-
culated using Eqs. (2) and (3) with three components. Fig-
ure 6 presents the calculated isotopic composition of con-
tributing soil water. Combined with Fig. 3, we can estimate
the soil depth that contributed water to the hydrograph. Re-
sults provided by 18O and 2H differ slightly in the estimated
depths. During peak flow the calculated soil water signature
of δ18O values varies around −6.5 ‰, and the δ2H values
around−44 ‰ (Fig. 6). This corresponds to water from a soil
depth of 0.2–0.4 m for 18O and to a soil depth around 0.2 m
for 2H. These calculations are very sensitive to (a) measured
discharge, (b) calculated fraction of event water, and (c) mea-
sured concentration, which can explain the discrepancy. For
example, an assumed baseflow of 0.08 L s−1 compared to the
measured 0.10 L s−1 would change the δ2H values around
peak flow from −46 ‰ to −47 ‰. Additionally, the spatial
variation in isotopic composition of soil water can be higher
than the observed variation within three profiles.
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Table 4. Results of the compartmental-mixing modeling performed for every location, and for the two and three end-member modeling. Soil
depth is the center depth of a soil compartment (cm), PESW is the proportion of pre-event soil matrix water in the soil compartment (%), IW
is the proportion of irrigation water in the soil compartment (%), OC is the proportion of water from the overlying cell (%), Error WB the
error in the water balance (%), Error 2H is the error in the mass balance of deuterium (%), and Error 18O is the error in the mass balance of
oxygen-18 (%).
Location 1, two components
Compart- Soil
ment depth (cm) PESW IW OC Error WB Error 2H Error 18O
1 −15.5 76.29 23.71 – −2.10 6.17 −3.52
2 −27.5 65.94 34.06 – −0.64 1.70 −1.02
3 −37.5 77.96 22.04 – −0.82 1.87 −1.00
4 −45.5 90.05 9.95 – −1.88 4.04 −1.93
5 −50.5 74.42 25.58 – −1.77 3.99 −1.99
Location 1, three components
2 −27.5 66.59 33.36 0.05 −0.79 1.70 −0.92
3 −37.5 77.45 22.54 0.01 −0.76 1.85 −1.08
4 −45.5 90.12 9.88 0.00 −1.89 4.04 −1.92
5 −50.5 0.01 29.89 70.10 −1.76 3.87 −1.89
Location 2, two components
1 −17.5 89.17 10.83 – −2.05 5.04 −2.63
2 −27.5 85.48 14.52 – −1.89 4.85 −2.62
3 −36.5 72.76 27.24 – −1.53 3.29 −1.61
4 −44.5 63.43 36.57 – −1.24 2.59 −1.25
5 −49.5 67.85 32.15 – −1.24 2.14 −0.84
Location 2, three components
2 −27.5 85.56 14.44 0.00 −1.90 4.85 −2.61
3 −36.5 74.07 25.89 0.04 −1.66 3.30 −1.45
4 −44.5 63.27 36.72 0.00 −1.23 2.59 −1.27
5 −49.5 66.76 33.24 0.01 −1.16 2.15 −0.94
Location 3, two components
1 −21.5 87.71 12.29 – −0.43 1.28 −0.83
2 −29.5 94.26 5.74 – 0.54 −1.22 0.71
3 −39.5 59.34 40.66 – −0.33 0.55 −0.21
4 −47.5 88.30 11.70 – −1.30 1.43 −0.09
5 −54.5 100.00 0.00 – 0.18 2.02 −2.12
Location 3, three components
2 −29.5 34.76 20.31 44.93 −0.01 −0.08 0.09
3 −39.5 34.52 48.65 16.83 −0.50 1.19 −0.65
4 −47.5 95.72 4.20 0.09 −1.63 1.18 0.51
5 −54.5 32.89 0.00 67.11 −1.81 2.56 −0.66
4 Discussion
4.1 The role of subsurface mixing and threshold
behaviour
“Macropore flow of old water” is really a euphemism for a
complex range of water mixing issues that occur from plot-
scale vertical infiltration to lateral flow at the hillslope scale.
Such subsurface mixing processes have frequently been ob-
served in field studies (e.g. Buttle and Peters, 1997; Noguchi
et al., 1999) and have a strong influence on the conceptual-
ization of preferential flow systems across scales (e.g. Sidle
et al., 2000, 2001). At our research site, earthworm-induced
vertical preferential flow paths linked to the tile-drain system
are the most important and connected fast-flow paths. Fur-
thermore, our observed preferential flow paths are continu-
ous to depths of one meter or more (as shown earlier at the
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site by Zehe and Flu¨hler, 2001a). Although surface ponding
and continuous, deep, vertical, preferential flow paths were
observed, our bromide-based hydrograph separation revealed
that most of the tile-drain discharge was comprised of dis-
placed soil water. This was consistent in the first two exper-
iments regardless of the initial conditions and the irrigation
characteristics.
Flow processes in the soil matrix, such as pressure waves
(Torres et al., 1998; Williams et al., 2002) or translatory flow
(Horton and Hawkins, 1965; Hewlett and Hibbert, 1967),
have often been used to explain displacement and old wa-
ter dominance of channel stormflow. Such processes would
be expected to lead to a downward propagation of the iso-
tope signal in the soil water through the profile. However,
our measured isotope profile of soil water (Fig. 3) did not
show any evidence of such downward propagation of the iso-
tope signal. Rather this indicates mixing of irrigation water
and the pre-event soil water throughout the depth of the pro-
file. We attribute this mixing to the interaction of the prefer-
ential flow paths and the soil matrix. Our mixing-model re-
sults were consistent with this interpretation and past obser-
vational work (Flury, 1996; Zehe and Flu¨hler, 2001a; Weiler
and Naef, 2003; Van Schaik et al., 2008).
Closer examination of our isotope data from the tile drain
and within the soil profile revealed that the soil was in-
deed not well mixed. Tile-drain water appeared to be sourced
within the profile at a particular depth of 0.2–0.4 m (Fig. 6)
during the main hydrograph peak. This suggests that a mix-
ing layer exists within the upper soil, that, when saturated
or near saturation, initiates preferential flow at a distinct soil
depth (Steenhuis et al., 1994; Shalit and Steenhuis, 1996). At
our site, epigeic earthworms live in the upper soil and ap-
pear to promote mixing in the surface soil. Figure 7 presents
our simple, conceptual, vertical flow model consisting of
two phases (before and after threshold initiation). Once the
soil water capacity threshold (itself controlled by initial soil
moisture and irrigation amount) was reached, soil water con-
tributions were activated and entered the vertical preferen-
tial flow paths. Such a threshold behavior is similar to other
recent threshold observations in hillslope-scale activation
(Tromp-van Meerveld and McDonnell, 2006a, b; Zehe et al.,
2007). Bromide was observed leaching into the tile-drain be-
fore this threshold was reached, indicating that some prefer-
ential flow paths are active prior to saturation. We hypothe-
size that after the threshold is reached, the vertical preferen-
tial flow paths were initiated by a mixture of irrigation water
and old (stored) water from the upper soil mixing zone. Addi-
tionally, contributions of deeper soil layers could be initiated
based on patches of local saturation. Isotope data from the
earlier phase of the experiment suggest contributions from
deeper soil water, which are not observable during high dis-
charge in the tile drain.
Our work is consistent with tracer based findings of old
water flow in preferential flow paths at the hillslope scale
(e.g. McDonnell, 1990; Kienzler and Naef, 2008). But, what
Fig. 7. Conceptual flow model of the field soil. Brown color indi-
cates the soil matrix, the white box a preferential flow path. Red
color indicates old water, blue color indicates new/irrigation water.
Violet indicates mixed waters. At the beginning of the experiment
(left) irrigation water infiltrates in the soil matrix at the surface and
via macropores, only a small amount of irrigation water reaches the
tile drain. With increasing storage in the system soil water enters the
preferential flow paths and mixes there with irrigation water. Mostly
old water reaches the tile drain.
is new with our work is our ability to specify where in the soil
profile the old water comes from. In the experiments 1 and 2,
the isotopic composition of the tile-drain flow was similar be-
fore and after the experiments (Fig. 8). During the event hy-
drograph, soil water contributions led to different signatures
during the rising and falling limbs of the hydrograph. Fig-
ure 8 shows the temporal development of source regions and
source fractions. At our site, old water delivery to the macro-
pores is linked to the vertical orientation of the preferential
flow paths and their direct link to the tile drain – all part of
the overall hillslope, lateral, preferential flow structure. Else-
where, we might imagine that hillslopes with a vertical and a
lateral preferential flow system will have increased complex-
ity in their mixing dynamics, especially if the macropores are
short (Noguchi et al., 1999) or end without direct connectiv-
ity to the lateral flow path (McDonnell, 1990). Here the pref-
erential flow paths are already initiated by a mixture of old
and new water in a soil depth of 0.2–0.4 m, and are further
fed by old water along their flow paths.
4.2 On the importance of our findings for
catchment-scale hydrograph separation studies
Our work has important implications for isotope-based hy-
drograph separations at the catchment scale. Such hydro-
graph separations are based on the assumption that soil wa-
ter does not contribute to the storm hydrograph or that its
composition is similar to that of groundwater (Sklash and
Farvolden, 1979). At this site we observed a mobilization of
soil water and the additional activation of vadose zone wa-
ter that invalidates the previous assumption (e.g. DeWalle et
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Fig. 8. Correlation between hydrograph phases and isotopic composition of tile-drain water. Left column are the results of the first experiment
and the right column for the second experiment. Magenta denotes the isotopic composition of the irrigation water, light blue the isotopic
composition of the rising hydrograph limb, dark blue the isotopic composition of the falling hydrograph limb, red the isotopic composition
of baseflow conditions, and green the isotopic composition after the event.
al., 1988). There have been numerous studies that show two
component source fractions exceeding 100 % (e.g. Swistock
et al., 1989), and several studies have shown the importance
of vadose zone contributions to storm runoff by sampling the
soil water end-member and quantifying its effect on the hy-
drograph composition in the context of hydrograph separa-
tion (Kennedy et al., 1986; Swistock et al., 1989; Bazemore
et al., 1994; Kendall et al., 2001). In theory, the use of a three-
component hydrograph separation, accounting for soil water
contributions, can help to overcome this (e.g. Ogunkoya and
Jenkins, 1993).
Our work showed that a distinct layer of soil water, with
a different isotopic signature than the deeper soil water, con-
tributed water to the preferential flow paths. Such a selec-
tive contribution of one end-member can cause high uncer-
tainty if the average isotopic composition of the soil water
is used in the separation procedure. Thus the spatial vari-
ability of soil water must be considered on the catchment
scale, both in depth and in areal extent. If hydrological con-
nectivity increases during an event, a progressively greater
soil volume contributes to subsurface runoff and catchment
discharge. A variable source soil volume approach can help
provide a framework for such a description of pre-event wa-
ter at catchments (e.g. Harris et al., 1995). This is analogous
to the variable source area concept used to describe the catch-
ment runoff process (Hewlett and Hibbert, 1967; Dunne and
Black, 1970).
5 Conclusions
We employed multiple tracers within a series of field scale ir-
rigation experiments to investigate flow processes through a
low-complexity macropore system, the interaction between
macropores and the soil matrix, and the source of the dis-
charged water at a tile-drained field site. We found that wa-
ter transport through soil was governed by macropore flow
and that macropore flow was itself a mixture of event and
pre-event water. This pre-event water entered the preferen-
tial flow path during the initialization of the macropore flow
based on mixing in the surface soil and contribution of sat-
urated soil patches and their interaction with the preferential
flow paths. The processes occurred independently of the ini-
tial conditions and the return period of the events. Although
these processes will most likely not occur during low inten-
sity precipitation events, and they will be different in other
landscapes, they are characteristic of the investigated Wei-
herbach catchment during stormflow-initiating events. The
combination of soil water isotope measurement, hydrograph
separation based on applied bromide, and high frequency iso-
tope sampling in the tile-drain outflow during three experi-
ments let us identify the dominating processes at our field site
and led to the following conclusions for this research site:
1. Preferential flow in the vertical macropores of anecic
earthworms controls the flow to the tile-drain system.
2. Below a soil storage threshold, water from the preferen-
tial flow paths enters the soil matrix, while this process
is reversed after the threshold is exceeded.
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3. More than 80 % of the tile-drain discharge (above base-
flow) is derived from the soil matrix, while less than
20 % is derived from the irrigation water.
4. The stable isotope data shows that this soil water is
sourced from a depth of 0.2–0.4 m in the soil profile,
consistent with the extent of a shallow network of earth-
worm channels promoting mixing.
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